Recent advances in semantic 3D city modelling and a demand from utility network operators for multi-utility data models integration have contributed to the emergence of an open Application Domain Extension (ADE) of the CityGML data model tailored to multiple types of utility networks. This extension, called the Utility Network ADE, is still in active development. However, work is already well underway to create data samples and to develop methods of modelling thereupon. In this paper, a mapping of the Utility Network ADE data model to a relational database schema is introduced. A sample of a freshwater network using the Utility Network ADE and based on data from the city of Nanaimo, Canada, is also presented. This sample has also been imported into a relational database schema built upon the 3DCityDB (a database implementation of CityGML) extended with a schema of the Utility Network ADE. Further to this, a series of basic network analysis functions have been defined and implemented in SQL to interact with the database so as to carry out sample atomic processes involved in network modelling, such as reading semantic properties of elements, calculating composite physical parameters of the network as a whole, and performing simple topological routing to serve as a guiding example for further and more complex development. A brief outlook is also presented, suggesting areas with high potential for future research and development of this nascent data model.
INTRODUCTION
Semantic 3D city models are an extremely powerful tool in smart planning processes, as they offer a coherent and -ideallyomni-comprehensive spatial and semantic representation of all relevant entities (included their properties and dependencies) which characterise a city, both above and belowground. In the context of integrated urban planning, for example, a detailed knowledge not only of the building stock, but also of the distribution networks that supply energy, water, heating, cooling, etc. plays a major role, as they represent the actual link between the "punctual" source of the resources (power plants, water basins, etc.) and the spatially distributed consuming/using points. In general, a number of specific data models and software tools exists to access specific supply networks, but interoperability is indeed still scarce (if not impossible at all) due to a general domain-specific "silo-approach" which hinders de facto the exchange of data and the development of multinetwork applications. Some proprietary software solutions exist, indeed, but they rely often on proprietary data formats which are generally proprietary, closed-source, or not well documented. Nevertheless, smart integrated planning decidedly calls (also) for overcoming these interoperability issues. At the lowest level, data interoperability can be facilitated by adopting common/shared data models (and possibly open so as to allow for further development via large communities), upon which more advanced applications and services can be built.
In the context of semantic 3D city modelling, CityGML (Gröger et al, 2012) represents, as of today, the only existing open international standard, allowing for an integrated representation of all urban entities at city scale (buildings, bridges, vegetation, relief, transportation, water bodies, etc . and others via generic object) and the relationships between them. It also defines different standard levels of detail (LoDs) for the 3D objects. This standardised representation of urban objects can be exploited for different applications and purposes, such as simulations, urban data mining, facility management, and thematic inquiries.
A number of software tools already exist that allow work to be carried out with CityGML data. They range from data ETL (extraction, transform, load) tools, database implementations such as the free and open-source 3D City Database (or, in short, 3DCityDB) (Yao et al., 2018) , up to web feature services and the possibility to visualise and explore 3D city models on 3D virtual globes platforms such as Google Earth or Cesium. One of the significant advantages of CityGML is the possibility to extend it by means of so-called Application Domain Extensions (ADE): depending on the specific needs, new features or properties can be added, hence greatly augmenting modelling capabilities offered by CityGML. As a matter of fact, several ADEs have been proposed at the time of writing. They aim at assessing specific domains such as urban noise , energy (Agugiaro et al., 2018) , indoor routing and positioning (Dutta et al., 2017) , indoor facilities management (Kim et al., 2014) and cultural heritage (Li et al., 2017) . In the case of utility networks the ADE mechanism also plays a significant role. Given that CityGML falls short when it comes to the definition of specific entities and attributes for utility networks, research and development work has been carried out to extend the existing data model. To this extent, the so-called Utility Network ADE is in an advanced stage of development. It offers a generic data model to cope with any utility network both in terms of geographical and topological representations (Kutzner and Kolbe, 2016) .
With regards to the Utility Network ADE, this paper presents and discusses work carried out to test the overall state of maturity and suitability of this ADE. For this reason, the data model was implemented as database schema, extending and using the same principles of the already available 3DCityDB. Secondly, real network data from the city of Nanaimo (Canada) was used as test case. This was mapped to the corresponding classes of the Utility Network ADE and imported into the previously mentioned extended 3DCityDB. Finally, some routing functionality was implemented and tested using the PostgreSQL/PostGIS extension pgRouting.
BACKGROUND AND RELATED WORK

Current alternatives for Utility Network Modelling
There exists a multitude of existing methods of modelling various utility networks, but each one tends to focus on a specific network type (water, electric, gas, communication, etc.) , and/or a specific geographic scale (building, city, country, etc.) . In addition to this, in every alternative there are limited levels of support for all the characteristics that are necessary for formulating a complete model of a heterogeneous utility network system. These deficiencies are summarized by Kutzner and Kolbe (2016) and listed in Table 1 . Education and Research, 2012) . In a more recent example, Kutzner and Kolbe (2016) presented a means of performing supply and disposal modelling using the Utility Network ADE by introducing the concepts of supply-related properties into the data model. To date, however, there remain very few public examples of implementations of the Utility Network ADE in a city simulation/modelling context. An example based on a water network is presented herein to demonstrate advantages of using the Utility Network ADE in the context of city simulation/modelling. Furthermore, a mapping of the data model to a relational database is presented, which has allowed for a demonstration of network-based routing analysis tasks to be performed on the network.
METHODOLOGY
Software and tools used
PostgreSQL with PostGIS and pgRouting:
PostgreSQL is an open-source relational database management system (RDBMS). The PostGIS extension enables a PostgreSQL database to store geospatial data, and is a popular choice for building geospatial systems due to its open-source nature, its speed and the fact that it is interfaceable with most GIS programs (e.g. QGIS) for quick visual display of the data. The pgRouting extension (pgRouting, 2018) further enables a PostgreSQL database to perform routing analysis tasks on topological graph structures. Utility networks can be expressed as topological graphs, and therefore pgRouting can be used to analyze their connectivity and find least-cost paths through them. A PostgreSQL database, extended with PostGIS and pgRouting provides all of the functionality required to model a Utility Network ADE network dataset in an RDBMS context, as well as perform functional analyses on it.
3DCityDB:
The 3DCityDB is a database schema that represents a near-1:1 mapping of the CityGML data model (3DCityDB, 2018) . It is available for both for Oracle Spatial and for PostgreSQL/PostGIS as open-source software, and it represents the reference database implementation of CityGML. Storing a semantical city model in a database allows, for example, for the querying and analysis of the data via structured query language (SQL) commands instead of processing directly CityGML XML files. The Java-based 3DCityDB Importer/Exporter allows to import and export CityGML instance documents to and from the database, but it is currently only able to handle "plain" CityGML (i.e. without ADE features).
Utility Network ADE Support in the 3DCityDB
In order to better test and exploit the potential of the Utility Network ADE, there has been a growing interest in having a suitable spatial Relational Database Management System (RDBMS) implementation of the Utility Network ADE, building upon and extending the 3DCityDB. As previously mentioned, the current version of the 3DCityDB (and the set of accompanying software tools like the Import/Export tool) do not provide a generic solution for handling CityGML ADE elements in CityGML instance documents. As a matter of fact, the 3DCityDB development team is currently working to add support to 3DCityDB for any ADE. Planned is also the functionality to automatically perform the mapping between the Object-Oriented model and the Entity-Relationship model. Further details can be read in Yao et al. (2018) . In the meanwhile, a manually derived database schema was implemented and is already freely available. The current implementation is based on the Utility Network ADE v. 0.9.2 and it follows the same approach that was defined for the conceptually similar implementation of the Energy ADE. Initial work started internally at the Austrian Institute of Technology (AIT) during version 0.6 of the Energy ADE (Agugiaro, 2016) and was later extended to the Utility Network ADE, too. The 3DCityDB extension for the Utility Network ADE requires the latest version of the 3DCityDB (v. 3.3.2) and is currently implemented for PostgreSQL only. As the goal of this extension is to facilitate direct connection and usage of the 3DCityDB relational database by users and applications programmers, several design and implementation decisions were taken according to the inspiring criteria briefly listed in the following: a) Define a non-concurrent way of extending the 3DCityDB with other ADEs at the same time; b) Build upon the existing objects of the 3DCityDB (relations, stored procedures, etc.), but do not break compatibility with the existing tools; c) Adopt a similar design "style" to the existing 3DCityDB objects when it comes to tables, constraints, naming conventions, data types, etc.; d) New table and attribute names in the database are kept as close as possible to the original names of the Utility Network ADE as indicated in the UML diagrams; e) Group and merge multiple classes into one table -whenever meaningful -, in order to keep the database structure as reasonably compact as possible.
All resources of the database implementation of the Utility Network ADE (DDL procedures, documentation, test data, etc.) are already freely available and can be downloaded from GitHub (3DCityDB-ADE, 2018). Before proceeding with the Utility Network ADE itself, a number of changes and additions to the original 3DCityDB were required in order to add generic support for ADEs. Therefore, rules were first defined and then implemented covering the following three main areas: a) Metadata module to "register" different ADEs; b) Rules to map ADE classes to new or existing tables; c) Rules to deal with database stored procedures.
A detailed description of each point is beyond the scope of this paper. A detailed explanation of the rationale behind them, as well as of the concrete implementation solutions can be found in Agugiaro et al. (2018) and in Agugiaro and Holcik (2017) . An example of mapping is presented in Figure 1 . For intuitive understanding, classes that are (sometimes merged and) mapped to a single table in the relational schema are shown in light orange blocks in the UML diagram. Light green blocks represent association tables in the database used to map manyto-many associations.
Interacting with the extended 3DCityDB
3.3.1 FME: Den Duijn (2018) successfully converted the sewer and low-voltage electrical networks of Rotterdam, The Netherlands, from its original ESRI shapefile (SHP) format to a representation in a PostgreSQL database with 3DCityDB and Utility Network ADE using SAFE Software's Feature Manipulation Engine (FME) software. The process involved inserting utility network data in a specific order in a series of FME Workbench files. The end result is a dataset containing both networks with functional linkages between the topography, topology and semantical properties of each respective element. It was also demonstrated that streetlights affected by a breakage in the network could be identified using the pgRouting extension by finding which nodes could not be reached on the network graph, and tying this information back to their corresponding topographical features.
Database-side data layer:
Despite the adopted design criteria to keep the database implementation of the Utility Network ADE as simple as possible, the database structure can be sometimes complex in terms of CRUD operations (i.e. select, insert, update and delete), especially when dealing with the tables added by the ADE. Data belonging to a specific object can be split and stored in different nested tables. For example, data for a "RoundPipe" object will need to be written to tables CITYOBJECT, UTN9_NETWORK_FEATURE, UTN9_-DISTRIB_ELEMENT, UTN9_NETWORK_TO_NETWORK-_FEATURE respectively, at least as far as the geographical representation is concerned. If topological information is also included, then the additional data will have to be inserted into tables UTN9_LINK and UTN9_NODE. Given the hierarchy existing in the table structure, data have to be inserted (selected, updated, deleted) according to a certain order, in order for referential integrity to hold. The process requires therefore a deep knowledge of the database structure and CRUD operations can lead to complex SQL statements. For this reason, and to facilitate CRUD operations at database level, different strategies were implemented. First of all, stored procedures (or "functions", in the PostgreSQL jargon) to delete ADE objects were implemented following the same logic as those shipped with the 3DCityDB. Additionally, several additional functions for inserting data were implemented, too. They can be divided into two main classes:
• Low-level insert functions, allowing for direct insert operations at single-table level; • "Smart" insert functions, building upon the previous ones and allowing for insert operation over multiple tables simultaneously, and providing some additional functionality (see SQL examples in Appendix A).
Finally, and building upon the previously mentioned "smart" insert functions, a series of updatable views were also implemented. Views represent a facilitated way to access data, ideally providing one single "virtual" table that hides the complex structure of the actual database. Moreover, if a view is also updatable, entries can be updated, inserted and deleted directly interacting with the view as if it were a normal table. For example, in the case of a "RoundPipe" object, one single view UTN9_NTW_FEAT_DISTRIB_ELEM_PIPE_ROUND merges the previously mentioned tables CITYOBJECT, UTN9_NETWORK_FEATURE, UTN9_DISTRIB_ELEMENT and provides the additional functionality offered by the corresponding "smart" functions. The availability of such stored procedures and updatable views represents therefore a firstlevel, database-side data layer allowing for easier interaction with the database structure. Additionally, the stored procedures can be embedded and called in routines/functions/code in any programming language (e.g. Python), or by means of existing Extract Transform and Load (ETL) tools.
Python-based data layer:
The previously described "smart" insert functions were used to import a subset of a water Figure 1 . Excerpt of the UML model of the Utility Network ADE. Light orange (for classes) and green (for many-to-many associations) boxes represent the mapping of from the Object-Oriented model to the Entity-Relationship model. The corresponding table names in the 3DCityDB are written in red network dataset from Nanaimo, Canada, already in CityGML and Utility Network ADE format, into the extended 3DCityDB database. A Python-3 script used the "ElementTree" and "psycopg2" libraries to read the existing CityGML file (ElementTree) and executed previously prepared SQL statements calling the "smart" insert functions (psycopg2). Upon successful import of the data into the 3DCityDB, the database was used, on one hand, to directly visualize the network (e.g. in QGIS or any other visualisation tool), as well as to perform routing analyses, such as counting the number of traversals across pipes when routing from houses to the local reservoir, and selectively excluding some elements based on their status (i.e. if a valve is closed, it cannot be routed through).
Nanaimo Water Network Case Study
The City of Nanaimo in British Columbia, Canada has released several of its utility networks for download in ESRI shapefile format (Nanaimo, 2018) . An FME workbench was created combining the "Water System" (freshwater) dataset, including water pipes, house service lines and various network appurtenances, with a DTM (Digital Terrain Model) of the area to create a 3D dataset in CityGML with Utility Network ADE data. This work has been done to provide a public data sample to assist in further development of the Utility Network ADE data model (Boates, 2017) . One advantage of the Utility Network ADE highlighted in this data sample is the explicit definition of topography and topology. In the source data, the two are inseparable, with topology being defined implicitly by geometry and attributes of the source geographical features. In the Utility Network ADE, the two are linked, but are alternative distinct representations of the same reality. This "dual representation principle" (Becker et al., 2011) allows for simultaneous modelling of two aspects of networks: one regarding the physical reality and the other its topological counter-part. This concept is shown in Figure 2 . Figure 2 . The "NetworkFeature" elements represent the physical reality of the network elements -their actual position, size, length and semantical properties. They are explicitly defined from, but ultimately linked to, the "InteriorFeatureLink" and "Node" elements (themselves contained within "FeatureGraph" elements, which represent a simplified topological view suitable for understanding and modelling functional connectivity of network elements. Figure modified from (Becker et al., 2011) This advantage is leveraged in the created Nanaimo water pipe network sample. The source data from Nanaimo does not contain any information about physical water pipe features connecting the water network directly to the buildings. The dual representation of topography ( Figure 3 ) and topology ( Figure 4 ) allows for the linkage to be established via a topological link. This in turn gives us the possibility of functional routing analysis and a clear visual representation of topology, while not changing or adding any physical pipe features. In the end, this allows for the representation of topography to remain true to what is known from the source data. (Figure 4 ) exemplifies this. 
Nanaimo Water Network in the 3DCityDB
The Nanaimo Water Network Data Sample described in section 3.4 and imported into the 3DCityDB by the Python script mentioned in section 3.3.3 could be visualized in QGIS, as well as used for various routing algorithms with pgRouting. The semantic properties of the network elements are also leveraged by making use of the "status" attribute: only elements with a "status" value of "inUse" can be traversed. This allows the functional properties of the network to be modified simply by changing a status = "inUse" element to be status = "outOfService", which would correspond to a topological disconnection at that element. Therefore, a routing algorithm with a target element on the other side of an element with status = "outOfService" would be forced to find an alternative route, or return no results at all. This effect is exemplified in (Figure  5 ), where after being imported into the 3DCityDB, a couple of network elements were modified to be of status = "outOfService" in order to test the ability of selective exclusion when performing routing analysis. 
Routing Analysis
A number of SQL queries for routing analysis were written to showcase the power and flexibility of using pgRouting on an instance of the extended 3DCityDB. The following list is not intended to be an exhaustive list of functionality, but rather a starting point for getting familiar with the extended 3DCityDB schema and how network routing algorithms can be performed on it.
Get total network volume:
The first example returns the total volume in the network that is accessible from the local water reservoir (modelled as a "StorageDevice" in the Utility Network ADE). By using the pgRouting function "pgr_drivingDistance()" with a "distance" value set to infinity, all topological links from the network are scoured, starting from the reservoir, and, through a series of joins, the inner diameter property of every connected pipe element is used with the length of the pipe to calculate the total volume of water in the network. Changes in the network (opening/closing valves, elements being broken/fixed, etc.) would result in a change in the total network volume, so a dynamic method of calculating the total network volume in its current state would be quite useful.
Get routes from reservoir to houses:
The second example returns the sets of links from the local water reservoir to each of the houses along the topological graph. The pgRouting function "pgr_Dijkstra()" was used in "one-to-many" mode, routing the reservoir element to all houses (modelled as "TerminalElements" in the Utility Network ADE). This function implements the well-known Dijkstra's algorithm to find, for example, the least-cost path between two nodes along the edges of a topological graph (Dijkstra, 1959) . This could serve as an indication that the house is indeed reachable from the reservoir, and if so, what is the least-cost path to reach it. This is useful to know which buildings will lose or gain water supply in the event of a planned/unplanned change in the network (opening/closing valves, elements being fixed, broken, etc.), and along which path. The result of this operation can be seen in Figure 6 (left).
Get number of traversals through each link:
The third example returns the set of links comprising the least-cost paths from the water reservoir to all of the houses, indicating how many times each link was traversed in reaching all the houses, once again using the pgRouting function "pgr_Dijkstra". The process is similar to that of the example found in section 4.2.2, however it takes the extra step of consolidating all traversals across each link and adding an attribute counting the number of traversals. This could be considered as a measurement of "stress", where a higher number indicates a greater amount of buildings downstream from the current element. This is useful to see changes in the event of a planned/unplanned change in the network (opening/closing valves, elements being fixed, broken, etc.), and along which path. The result of this operation can be seen in Figure 6 (right)
Code Resources
All data and code involved in the writing of this paper is freely available in the form of a git repository, hosted on GitHub (Nanaimo-3DCityDB, 2018) . Included is a subset of the Nanaimo water network sample dataset created by Boates (2017) , the Python-3 script specified in section 3.3.3, as well as the SQL queries used to perform the routing analysis functions in section 4.2.
CONCLUSIONS
This paper has presented an example of implementation of the Utility Network ADE as common data model for network modelling in the context of semantic 3D city modelling based on the international open standard CityGML. The Utility Network ADE is a versatile data model for use in multi-network modelling. The possibility to import the data into the extended 3DCityDB (to support the Utility Network ADE and pgRouting) opens the door to a number of challenges and interesting possibilities. In the test case presented in this paper, the sample data used for the examples of routing analyses in section 4.2 is for a freshwater network, but the unified model provided by the Utility Network ADE is independent of network type and other semantical properties, therefore it allows for the same functions to be quickly adapted and re-applied to other types of networks, at any scale. Furthermore, pgRouting's inherent customizability for building topological graph structures on the fly for routing analysis purposes means that using the semantical properties of network features is a feasible method of controlling network state and simulation behaviour. Modifying these properties, either by direct user intervention or as a consequence of another event elsewhere in the network provides a number of possibilities for all kinds functional network modelling.
The direct relationship of the Utility Network ADE with CityGML opens a great possibility of integrating network functionality within pre-existing smart city models that already operate based on a CityGML-based semantic city data model. For instance, a simulation of heat gains and losses via solar irradiance, such as that conducted in (Murshed et al., 2018) , could be expanded to model and optimize local energy grid as the individual energy demand on each building grows and wanes over time. The current version of the Utility Network ADE, as well as the ancillary set of tools (database schema, data layers, routing functions, etc.) have allowed to perform a number of analyses on a water network. This proves that the Utility Network ADE, although still in active development, is mature enough to be used successfully.
Outlook
The work conducted in this paper is a first step when it comes to network modelling in CityGML. As a matter of fact, the water network used in this test case is only a subset of the entire city, which itself has much more semantical detail and information. For instance, there is more than just one reservoir (requiring multi-supply modeling, and there is a hierarchy of networks with mainlines feeding local distribution networks. The complexity of such systems will be exploited further to investigate the suitability and level of maturity of the Utility Network ADE in terms of modelling capabilities for multi-scale networks. Additionally, it is planned to test the Utility Network ADE with a number of integrated network types, so called multi-utility networks. For example, the proliferation of distributed energy generation in many countries in recent years (Georgilakis and Hatziargyriou, 2015) brings forth the need for a unified data model for application of electrical network simulation models and methods on multiple scales and in complex hierarchical networks. This need is not unique to electrical networks -indeed all networks require planning and modelling of one sort or another, and the Utility Network ADE can serve as a unified ecosystem in which multi-network multisource applications can be developed.
Attention should be given to the capabilities of modelling interdependencies between different networks. In many cases, the state and functionality of elements on one network are directly influenced by changes in another. The Utility Network ADE provides capability for modelling these dependencies, however very little has been published in this area. More test cases and experiences from real life applications are needed in order to provide constructive feedback and input for further improvements.
